Abstract-A novel Bragg grating-based fiber-optic laser probe for temperature sensing using erbium-doped fiber as the active gain medium is reported. The combination of a chirped grating and a normal grating was used to form the laser cavity to achieve temperature-tunable laser action over a wide measurement range. The laser probe used a metal sheath to enhance its mechanical strength and contain the normal grating at the sensing point. The temperature dependence of the wavelength of the laser probe gives a sensitivity of 12.01 pm/ C and a repeatability of 1 7 C from room temperature to 300 C.
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I. INTRODUCTION
F IBER LASERS and amplifiers have been widely used in optical fiber communications systems for many years, but laser-based fiber-optic sensors are still relatively uncommon, in spite of the advantages of signal amplification in the optical, rather than in the electronic domain. Kim [1] has reviewed some of the fiber laser-based sensor devices produced over recent years, but as yet little work has been done on developing optical fiber laser-based systems for temperature sensing; for such measurements, some of the authors have used the fluorescence from rare-earth-doped fiber, especially using the thermal sensitivity of the decay time change [2] . Other relevant work has included a simple wavelength-matched Bragg grating laser cavity approach in rare-earth doped fiber to measure single-point strain and multipoint temperature, showing a linear temperature sensitivity of 0.011 nm/ C [3] . Alavie et al. [4] have reported a multiplexed Bragg grating laser sensor system, measuring from 20 C to 160 C, giving a sensitivity of 13.7 pm/ C. For strain monitoring, recently, Kim et al. [5] have reported an intensitybased system for temperature-independent measurements using a single chirped grating.
The approach reported in this letter extends previous work to higher temperatures and uses the single-point probe approach, based on an infrared fiber laser, operating over a wide temperature range. 
II. EXPERIMENTAL ARRANGEMENT AND RESULTS
The sensor system created is simple and robust ( Fig. 1) , using a commercial erbium-doped fiber of 350-400 ppm of erbium with a core diameter of 2.3 m. This is fusion spliced to the fiber Bragg grating (FBG) reflectors (center wavelength of around 1535 nm) to form the laser cavity and externally pumped by using a 1480-nm laser diode (LD) through a 1480/1550-nm wavelength-division-multiplexed coupler. The laser signal obtained is monitored using an optical spectrum analyzer (OSA-HP86140A).
A schematic of the probe is shown in Fig. 1 . It was constructed with the active part of the probe enrobed in a metal sheath for environmental protection. The laser probe consists of the normal grating RB which was placed in the center of the tube oven. The laser wavelength reflects its thermal response from the change in the center wavelength of the normal grating reflector RB . This is due to the thermal expansion and the thermooptic coefficients of the fiber, which comprises the essential part of the temperature probe. A conventional laser system using two narrow-band Bragg reflectors could not be used, because of the change of the center wavelength of one of the FBGs in the probe. The use of a temperature-stabilized chirped Bragg grating as the second reflector solves the problem of creating an effective laser-based sensor-the potential wavelength range of the laser is greatly extended and with that the temperature measurement range of the device, from the 200 C maximum reported in previous work [3] , [4] . In addition to creating a completely in-fiber based laser probe for temperature sensing, the second reflector was not a broad-band mirror [4] , but a chirped grating, which makes the alignment of the laser configurations less sensitive to environmental effects-thus, simplifying the whole system.
The laser cavity length was optimized through several prior experiments and as a result fixed at 5 m. This was a conve- nient length for a laser sensor probe-the sensitive grating in the probe assembly was, thus, some distance, the second reflector of the laser cavity.
Two different types of photosensitive fibers have been carefully selected in which to write the FBGs, using light from a KrF excimer laser (Braggstar-500, Tuilaser, AG) through appropriate phase masks, in order to optimize the range of the laser system. The first was Ge-doped fiber (from Nufern, Australia), into which was written the normal Bragg grating RB , because of the long lifetime and high stability of gratings in this fiber at elevated temperatures [6] . Using the second B-Ge codoped fiber (from Fibercore Ltd., U.K.), the chirped Bragg reflector RB was written, because of its higher photosensitivity. The normal grating, RB had a reflectivity of more than 99% with a full-width at half-maximum (FWHM) bandwidth of 0.21 nm even after annealing at 320 C for 8 h. To remove the unstable characteristics of the grating and also to achieve a stable and repeatable performance from the laser probe. Both the gratings were written with the choice of the Bragg wavelength ranges to lie within the fluorescence band of the erbium-doped fiber, to achieve temperature-tunable laser action, on which the sensor depends.
To evaluate the performance of the sensor, the chirped Bragg reflector RB was temperature stabilized (in a melting ice bath at 0 C) and the probe containing the normal Bragg reflector RB was placed in a thermostatically controlled tube oven (Carbolite-MTF12/38/400), with a K-type thermocouple in intimate contact for accurate calibration. The wavelength of the laser operation, the temperature-dependent measurand, was read out in this work using the OSA with a resolution bandwidth (RBW) of 0.2 nm. The oven temperature was raised from room temperature to 300 C, with an incremental step of 20 C, and the sensor data were recorded at each temperature after stabilization. The spectrum of the fiber laser output was recorded as the temperature increased and the laser wavelength shifted to longer wavelengths, as is shown in Fig. 2 . To show clearly that the laser wavelength does shift with temperatures over the broad-band range of the chirped grating, the pump power was fixed just above its threshold level. However, with a further increase of the pump power, the signal-to-noise ratio (SNR) of the system was easily improved (inset in Fig. 2) , where the SNR was measured as approximately 47 dB, higher than in some earlier laser work [7] . A typical probe calibration curve showing the laser wavelength versus temperature ( in degrees Celsius) is shown in Fig. 3 . The laser wavelength with temperature can be determined through (1) (1) where is the applied temperature to the normal grating RB . The probe calibration was repeated several times with ascending and descending temperatures and the response was found to be highly repeatable within 0.02 nm from room temperature to 300 C, with almost no hysteresis being seen.
The linear response indicates that the sensitivity is essentially constant across the full measurement range from room temperature to 300 C, this being limited by the characteristics of the chirped grating RB (the FWHM bandwidth is 5.6 nm with a reflectivity of %), which forms the second reflector of the laser cavity and also the choice of the Bragg wavelength of the normal grating RB . From the characteristics of both the gratings and previous work on high-temperature grating fabrication [6] , the upper limit of the measurement range of a system like this is expected to be no higher than 500 C, in order to allow a realistic lifetime for the probe before the grating "washes out." The repeatability of the measurement with the probe is 1.7 C, considering the linear graph fitting calibration characteristic shown in Fig. 3 , with a and the sensitivity of 12.01 pm/ C. This mainly arises from a combination of the maximum deviation of the sensor data at each temperature over the range from room temperature to 300 C and the RBW of the OSA. The sensor could also be adapted for measurements below room temperature using a slightly different wavelength range of the probe grating RB with appropriate material substrates [8] , e.g., employing Teflon, as the bare silica fiber has a negative thermal expansion coefficient below 150 K [9] . Further detailed studies on the laser-based cryogenic measurements are interesting and will be the subject of future work.
The sensor system has also been tested by reversing the measurement point in the laser cavity-the chirped grating was placed in the tube oven and the normal grating was kept at the ambient temperature. Under such circumstances, the laser wavelength should not change with temperature as it would be Fig. 4 . Response of the system where the reverse measurement configuration is used and the chirped grating is placed in the calibration oven. Inset shows the response of the signal peak wavelength ( ) to the temperature change.
determined by the normal grating held at a fixed temperature. The experimental results for the chirped grating, over the range of oven temperatures used, are shown in Fig. 4 . The spectra recorded reveal that the laser wavelength is unchanged but the spectrum changes slightly. The effect is seen more fully from the inset in Fig. 4 , where the expected flat line confirms that the laser wavelength is determined only by the wavelength of the normal grating irrespective of the temperature variation of the chirped grating, owing to its much narrower FWHM bandwidth 0.17 nm (with reflectivity of 97% after annealing at 515 C) compared with that of the chirped grating bandwidth 5.6 nm. This test result confirms that the configuration in Fig. 1 operates as a true laser sensor where the laser wavelength is effective as the temperature-dependent measurand (Fig. 3) . The reverse measurement point approach is not suitable for sensing applications as the laser signal peak wavelength does not vary (inset in Fig. 4 ) and, thus, the temperature data cannot be obtained from the laser wavelength.
III. CONCLUSION
A simple laser-based FBG temperature sensor probe, exploiting the characteristics of FBGs in specially chosen fibers used for the laser cavity, both in terms of the wavelength of operation and the long lifetime at elevated temperatures, has been reported. The reverse measurement configuration of the laser cavity was used to show that when the normal grating RB was allowed to respond to different temperatures, the device does work as a laser-based sensor. The laser-based sensor system offers a better SNR than the fluorescence-based temperature sensors previously reported by us [2] , is convenient, stable, and highly repeatable, and also relatively inexpensive to fabricate. This work has demonstrated a new approach to the use of high temperature FBG-based laser probes for high-temperature wide range sensing the applications. Work is continuing to evaluate the use of other fibers with other dopants, and to enlarge the measurement range as well to extend the concept to a multiplexed sensing scheme, and thus, the range of uses, e.g., fire alarm systems, furnace monitoring, and microwave sensing.
